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Isotopically Enriched #Si For Electronics
Applications

1 Objective

The objective of this research is to study the thermal and electronic properties of
isotopically enriched 28Si epitaxial films which are potentially attractive for high-
density, high-speed electronic circuit applications.

2 Theoretical Considerations

The natural abundance of Si is roughly 92.2 % of 28Si, 4.7 % of 2°Si, and 3.1 % of 3°Si,
which is also roughly the composition of Si crystals currently used in industry. By
removing the heavier isotopes (i.e., ?*Si and 3°Si), it is very likely that the enriched
28Gi crystal will have a much better thermal conductivity and carrier mobility, due to
the reduction of the scattering centers arising from the heavy isotope ‘impurities’.

Significant improvement of thermal conductivity in synthetic diamond has recently
been demonstrated in isotopically enriched 120 [1,2]. In the case of carbon, the
heavier isotope '3C has only ~ 1% concentration in its natural abundance, and yet
the GE researchers were able to achieve 50 % higher thermal conductivity in their
synthetic diamond by reducing it to a lever of ~ 0.1 % [1,2]. In the case of Si, the
total natural abundance of the heavier isotopes (combining both ?°Si and 3°Si) is
approximately 8 %, or 8 times higher than that of *3C. Therefore, it is conceivable
that the improvement of thermal conductivity in high purity 28Si could be equally
significant.

In fact, significant improvement of thermal conductivity in isotopically enriched
™Ge was reported more than three decades ago [3], and a model existed which ex-
plained why one would expect such an isotope effect [4]. While the theory presented
in [4] is very rough, it does predict the right trend, and provides encouragement for
this proposed research project.

No publications have been found that address the effects of isotopes on carrier mo-
bility, either theoretically or experimentally. However, it seems reasonable to treat
the isotope atom as a point scattering center due to its different mass from the major-
ity atoms in the host crystal. In the context of electron (or hole)-isotope scattering,
the isotope atoms may be treated as a neutral impurity, in addition to the effect of
the perturbed phonons. While the scattering cross sections of the isotopes may be
low, their extremely large numbers (of order of 4x10%! /cm3, compared to the typical
channel dopant level of < 10'7/cm?®) could still have a significant effect on the carrier




mobility. By similar arguments, the saturation velocity may also be increased.

3 Progress to Date

During the past two years, our research effort was devoted to:

a) growth of epitaxial ?®Si films by MBE (in collaboration with Prof. Kang Wang)
b) growth of 28Si mini-crystals (in collaboration with Prof. Bruce Chai)

c) experimental considerations of thermal conductivity measurement

d) design and construction of sample holder and measurement apparatus

e) design and fabrication of test device structures for thermal conductivity measure-
ments

f) preliminary measurements of thermal conductivity in regular Si samples

g) preliminary measurements of *Si minicrystals

These are are summarized below.

3.1 Growth of Epitaxial #Si Films by MBE

Although it may be more advantageous to grow the epitaxial ?8Si films by the CVD
method, that option was dropped because of the unavailability of appropriate pre-
cursors containing ?*Si. Instead, we decided to use the MBE growth method after we
acquired sufficient amount of ?®Si powders. Since we do not have Si MBE capability
at Yale, we initiated a collaborative effort with Professor Kang L. Wang at UCLA
in which he agreed to grow the epitaxial ?*Si samples using his MBE machine. So
far his student has tried half a dozen growth runs, but because of the severe source
outgassing problem, these attempts were not successful. Because of his other com-
mitments, Professor Wang has decided to table this experiment until we can supply
him with more suitable 28Si source material.

3.2 Growth of #Si mini-crystals

We initiated a collaborative effort with Professor Bruce Chai at the University of
Central Florida to grow mini-crystals of ?*Si using two different methods: (1) Laser
Heated Pedestal Growth (LHPG), and (2) Melt-Freeze (MF) technique. After several
attempts, Prof. Chai was able to grow silicon fibers out of standard silicon bouls by
the LHPG method, but not out of the 28Si source material (in the form of hot-pressed
podwer) that we sent him. He also grew large-grain polycrystalline droplets out of
the 28Si source material by the MF method.

The key results of these crystal growth experiments have been presented at the




9th American Conference on Crystal Growth held in Baltimore on Aug. 3-6, 1993. A

copy of the transparencies presented at the conference is attached as an Appendix.

3.3 Experimental Considerations of Thermal Conductivity
Measurement '

Based on the assumption that we would have availabe epitaxial 28Si films grown on
regular Si substrate, we decided to design appropriate experiments to measure the
thermal conductivity of the epi film. Because of practical limitations of Si MBE,
the epi layer thickness will be limited (< 2pm). Thus, the major challenge of the
measurement is to be able to separate the thermal conductivity contribution of the epi
layer from that of the bulk Si substrate. This requires that the thermal conductivity
of the epi layer to be much higher than that of the bulk Si substrate. For this reason,
the Si substrate would be heavily doped (~ 102°/cm?), while the epi layer would not
be intentionally doped.

The thermal conductivity of the epitaxial films would be measured by the thin film
micro heater and sensor technique described in [6,7]. Essentially this technique utilizes
a lithographically defined set of closely spaced narrow metal stripes on the sample,
with one stripe serving as the heater and the others serving as sensing elements. The
heater stripe is excited by a current which lauches a cylindrical heat wave into the
sample, that produces a temperature gradient whose magnitude depends on the power
applied to the heater, the boundary scattering, and the thermal conductivity of the
underlying sample. The detailed theory for this technique has been described in [6,7],
and we have written a computer program for analyzing the experimental data.

Another approach that we have considered involves an etch-back technique to
remove the substrate material in the region where the thermal conductivity of the 28Si
epi-layer is to be measured. Proper masking scheme and selective etching techniques
must be first established if the etch-back approach is to be implemented.

3.4 Design and Construction of Sample Holder and Measure-
ment Apparatus

The test chip is bonded on a multipin flat-pak, which is then mounted on a spe-
cial sample holder. The sample holder, made of a copper block for its good thermal
conductivity, is mounted on a cold finger of a cryostat whose temperature can be
controlled within 0.02 K in the range 20-450 K. A Keithley 220 current source, a
K-199 multichannel voltmeter, and a K-181 nanovoltmeter serve as the heater cur-
rent supply and sensor voltage measurement, respectively. Preliminary experiments
suggest that the apparatus is adequate for the intended application. Automation
of the measurements and data acquisition procedure by the use of a PC has been




implemented.

3.5 Design and Fabrication of Test Device Structures

The mask layout consists of 5 narrow metal stripes, with a linewidth of 7 um and a
length of 2mm each, and the spacing between stripes is 13 pm. Four-probe contact
pads are provided for each stripe.

Test device structures have been fabricated on high-resistivity (~5kQ-cm) Si
wafers using Al metallization. A thermal SiO, layer, 50 nm thick, serves as an elec-
trical insulator.

Some measurements have been made on these test structures, as described below.

3.6 Preliminary Measurements of Thermal Conductivity on
Regular Si Samples

Using the thermal conductivity measurement apparatus described above, we have ob-
tained some preliminary data on high-resistivity regular Si wafers over a temperature
range of 20-300 K. In the range 20-50 K, the thermal conductivity monotonically
increases with temperature from ~10 W/cm-deg at 20 K to a peak of ~25 W/cm-deg
at 50 K in the range 50-300 K, the thermal conductivity decreases monotonically to
~5 W/cm-deg at 300 K. These data, while not in exact quantitative agreement with
those published in the literature, are certainly in the right ball park, and provide
encouragement for further refinement.

From our measurements performed so far, we believe that our apparatus is capable
of detecting a temperature difference as small as 1073 K between two metal stripes,
which should be sufficient for samples with a thermal conductivity as high as 100
W/cm-deg.

3.7 Measurements on Polycrystalline 23i Droplets

Although we have not been able to grow single-crystal 2257, we decided to analyze
the polycrystalline 2857 which Prof. Chai obtained from the MF method. The van
der Pauw 4-point probe measurement indicates an extremely high carrier density
(~ 6x10°cm™3), suggesting a very high concentration of electrically active impurities.
Such a high impurity content will mask any isotope effect on the thermal conductivity.
Indeed, our thermal conductivity measurement performed in a temperature range
between 20K and 300K shows that the data are similar to those published for regular
silicon with equivalent impurity concentration. A more detailed description of the
results can be found in the Appendix.




4 Concluding Remarks

While the scientific idea of this research project seems straightforward enough, the
actual execution has proved to be much more difficult than originally expected, and
the desired outcome has so far been elusive.

The major difficulty arose from the lack of sufficient quantity of the 2854 source ma-
terial to begin with. Because of this deficiency, we were forced to attempt the growth
of single-crystal 28Si by whatever means which could accommodate this limitation,
rather than having the freedom of choosing the best crystal growth technique. In this
context, it may be worth mentioning that a group of U.S. and Russian Researchers
recently succeed in growing isotopically enriched "*Ge and ™Ge single crystals with
extremely high purity [7]. Such a high purity was made possible by a zone purifi-
cation process which required 100 g each of the starting "°Ge and "“Ge materials.
In contrast, we have only 9 g of ?®Si to work with. Although not mentioned in the
paper [7], one of the authors told me that they are now doing thermal conductivity
measurements on these samples.

Nevertheless, our recent paper at the 9th American Conference on Crystal Growth
received some considerable attention. Professor Joseph Milstein at Lowell University,
who has worked extensively on magnetic levitation of zone refining Si, indicated that
it is possible to remove the impurities in our samples, and would be interested in
collaborating with us. We are in the process of discussing this possibility.

In addition, Dr. Carl Sheibner of Lowrence Livermore, whose expertise is in
isotope separation by high-power lasers, has also indicated his desire to collaborate,
and there is a possibility that large quantities of 28Si may become available through
his effort in the future.

Therefore, although this research contract has officially ended, we will continue to
work on this project, and hopefully will be able to eventually obtain the results that
we predicted.
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§ Introduction:

0 In 1990, G.E. researchers T. R. Anthony et al discovered that
isotopically pure 12C (Type IIA) diamond has 50% higher thermal
conductivity than natural diamond (containing only 1% 13C)

Material Thermal Conductivity (W/cm°K)
0.07% 13C diamond 33.2

1% 13C natural diamond 22.3

SiC 4.9

Cu 4.0

BeO 3.7

Si 1.6

MgO 0.6

Al,03 0.4

YAG 0.14

0 For dielectric solid, the thermal conductivity is
K = 0.333 CVA

where C = specific heat of phonon assemblage
V = phonon speed = sound velocity
A = phonon mean free path

0 For high purity, low defect crystals, the thermal resistance is
caused by phonon-phonon and phonon-isotope scattering.

1/A = 1/Aph-ph + 1/Ajsotope

For diamond, Aph.ph = 30 nm and Ajisotope = 2600 nm. The
measured isotope effect is significantly bigger.

¢ Natural Si contains 4.67% 29Si and 3.10% 30Si, we expect
greater improvement in thermal conductivity for pure 28Si.

¢ By removing isotope as point scattering centers(4 x 1021/¢m3
as compared to typical dopant level of < 1017/cm3)




§ General Background:

0 So far, we do not aware any research on isotopically pure
silicon single crystals :

-- small quantity of materials available
-- no suitable crystal growth method

0 To accommodate the constraints, we decided that laser heated
pedestal growth (LHPG) is the best technique to get the small single
crystals for investigation.

0 Although LHPG method is well established for the growth of
oxide and fluoride crystal fibers, there is only one paper describing
the growth of Si fiber.

-- This is because Si is too transparent to 10.6 pm CO; laser

-- The absorption in oxides is primarily by phonons whereas
the absorption in silicon is by free carriers.

¢ Kim at al at RCA Laboratory (J. Appl. Phys. 50, 4472 (1979)
successfully produced silicon fibers 0.25 to 0.70 mm. They estimated
the power required for 1 mm dismeter silicon is 100W !!!
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§ LHPG of 28Si Crystals:

0 Single crystal silicon fiber growth is carried out at Amoco
Technology, Co. where a State-of-the-art high vacuum (10-6 torr)
LHPG system is located.

¢ Starting materials
-- Standard silicon boules cut to both (100) and (111) oriented
rods were used for test runs
-- both seed and feed stock (0.5 and 1 mm dia.)

-- 28Si rods (1 mm dia.) cut from a sintered disk (from Russia)

-- 28Sj powdérs (1.98 gms) from Oak Ridge National Lab.
-- not suitable for this work

0 We are under powered
-- The maximum power of our CO3 laser is 50 W

-- We managed to deliver 43 W focused beam to target
-- The power can not sustain large diameter rods
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§ Experimental Result (Regular Silicon):

0 Despite the severe power limit, we managed to grow regular
silicon single crystal fiber of 0.3 mm in diameter for both (100) and

(111) directions.
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§ Experimental Result (28Si Growth)
0 Growth of 28Si crystal fiber is much difficult

-- due to primarily the high impurity of the sintered disk
from Russia

-- smoking during heat up and formation of transparent
particles during growth
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Growth of 28Si by Melt Freeze.Technique:

0 Despite the success of LHPG, the material is simply too small
for practical measurement

-- needs minimum 4 x 7 mm surface area

0 Decided to use melt freeze technique to form small droplet
single crystals of Si.

0 Fundamental problem as compared to Ge

-- high melting point of 1420°C vs. 937.4°C

-- difficult to build a low cost furnace with minimum
impurity and isotope contaminations

-- difficult to find a compatible crucible

0 Converting a conventional vertical induction heated Cz
furnace with alumina bubble insulation and dense alumina
tube.

-- System first flushed with N2 gas overnight and then Nj
with 5% Hj gas several hours at high temperatures

-- PBN crucibles (for MBE use) were used to melt the
silicon charge.

-- However, there still has a slight reaction and the charge
sticks to the crucible. Brown color coatings on BN
crucible.

¢ All three types of Si were melted to form droplets.

-- 28Sj charge is far more difficult to melt than regular Si

-- Droplets surface is shinning but polycrystalline




§ Material Characterization:
0 Electric Resistivity and Hall Effect Measurement

-- Two slabs were cut from the droplets and double side
polished with finished thickness of 1.23 mm

-- Hall effect is based on van der Pauw method at both 77

and 300°K. The resistivity is in the range of 10-3 ohm-cm

corresponding to a carrier concentration of 6 x 1019/¢cm3
0 Thermal Conductivity Measurement

-- Sample cut to 1.23 x 1.48 x 6.9 mm3 bars

-- Steady-state, longitudinal heat flow method

-- K in the range of 1 W/cm°K which fall right into the
range of Slak's plot for Si resistivity of 10-3.
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§ Discussion:

0 Our result is somewhat discouraging due to high impurity
contamination of the starting materials. We are unable to isolate the
isotopic effect.

0  Our result is consistent with the published doped Si result
indicating our measurement technique is adequate.

0 A recent report by Itoh et al at Lawrence Berkeley Lab. on
the growth of 70Ge and 74Ge single crystals by vertical Bridgman
techniques.

-- Large quantity of materials used (> 100 gms)

-- Horizontal zone purification using graphite boat

-- Quartz tube used for atmosphere control

-- After 25 zone passes — carrier concentration down from
>>1017/cm3 to 1012/cm3.

-- No report on thermal conductivity measurement
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§ Summary and Future Plans:

0 Despite the power limitation, we succeeded the growth of Si
single crystal fiber using LHPG.

0 High impurity concentration of 28Si prevent us to isolate the
isotopical effect

0 Despite the success of Ge isotope crystal growth, the
technique can not be applied directly to Si due to high melting temp.

0 A proposed method to grow high purity 28Si single crystals
-- production of high purity 28Si powder
-- lIsostatic sintering to solid block
-- zone refining via LHPG
-- single crystal growth via LHPG

0 Need a high power (>100W) CO2 laser




